Until recently, agricultural production was optimised almost exclusively for profit but 23 now farming is under pressure to meet environmental targets. A method is presented 24 and applied for optimising the sustainability of agricultural production systems in 25
2 terms of both economics and the environment. Components of the agricultural 26 production chain are analysed using Environmental Life-Cycle Assessment (LCA) 27 and a financial value attributed to the resources consumed and burden imposed on the 28 environment by agriculture, as well as to the products. The sum of the outputs is 29 weighed against the inputs and the system considered sustainable if the value of the 30 outputs exceeds those of the inputs. If this ratio is plotted against the sum of inputs 31 for all levels of input, a diminishing returns curve should result and the optimum level 32 of sustainability is located at the maximum of the curve. Data were taken from 33 standard economic almanacs and from published LCA reports on the extent of 34 consumption and environmental burdens resulting from farming in the UK. Land use 35 is valued using the concept of ecosystem services. Our analysis suggests that 36 agricultural systems are sustainable at rates of production close to current levels 37 practiced in the UK. Extensification of farming, which is thought to favour non-food 38 ecosystem services, requires more land to produce the same amount of food. The loss 39 of ecosystem services hitherto provided by natural land brought into production is 40 greater than that which can be provided by land now under extensive farming. This 41 loss of ecosystem service is large in comparison to the benefit of a reduction in 42 emission of nutrients and pesticides. However, food production is essential, so the 43 coupling of subsidies that represent a relatively large component of the economic 44 output in EU farming, with measures to reduce pollution are well-aimed. Measures to 45 ensure that as little extra land is brought into production as possible or that marginal 46 land is allowed to revert to nature would seem to be equally well-aimed, even if this 47 required more intensive use of productive areas. We conclude that current arable 48 farming in the EU is sustainable with either realistic prices for products or some 49 degree of subsidy, and that productivity per unit area of land and greenhouse gas 50 8
Responses change with inputs and it is our thesis that a maximum in the TFP versus 158 inputs graph can be found, i.e. that there is an optimal system. Since this value of the 159 TFP index and the input costs include the environmental burdens, the maximum 160 should represent the optimum level of intensity of production that balances 161 environment with productivity. Note that the analysis proposed may not explain 162 farming strategy since it is usually net profit (i.e. the difference between the 163 numerator and denominator in Eq [1] multiplied by the volume but without the 164 environmental factors) that determines what a farmer does. 165
166
LCA is defined for a system. Our system includes stages prior to the farm but 167 excludes everything once the product is sold and leaves the farm; in other words 168 transport, processing, packaging and distribution. Direct costs for the production of 169 agricultural chemicals are not included in our analysis because they are included in 170 the price paid by the farmer and appear in the denominator of the TFP index. We 171 therefore depart from the norm set for LCA . We do, however, apportion the 172 environmental costs of the GHGs emitted in the production of agricultural this burden as the sum of the costs of removing the compounds from drinking water, 210 costs to farmers and the National Health Service of acute damage to human health, 211 and the cost of the loss of abundance and diversity of wildlife. The costs of pesticides 212 to human health are thought to have been considerably underestimated as they do not 213 include chronic effects (e.g. cancers) and acute effects may well be under reported 214 (Pretty et al. 2000) . In contrast, however, Trewavas (2004) 
Eutrophication 234
The financial burden associated with nitrogen and phosphorus loss from agriculture 235 has been expressed on a national basis by Pretty et al. (2005a&b 2003 Pretty et al. (2005a&b and 2000 . 236
This cost is partly the removal of the nutrients from drinking water but also of 237 eutrophication, loss of biodiversity and habitat, and costs associated with the unsightly 238 appearance of algal blooms that diminish the value of water-side properties, of 239 amenity and recreation, and thus also the tourist trade. These data were attributed to 240 farming as a whole and related to current, average fertiliser and crop use on farms, 241 although we accept that a change in the use of P and to some extent N will be buffered 242 in soil and will not immediately be reflected in emissions. The LCA norm assumes 243 equilibrium conditions (i.e. projecting the outcomes of long-term farm practices) so 244 our results must be seen as reflecting steady-state rather than the more dynamic results 245 of an alteration to land-use or farming practice. 246 247
Global warming 248
The main GHGs carbon dioxide CO 2 , methane CH 4 and nitrous oxide, N 2 O are all 249 emitted during agricultural production and to varying extents during the manufacture 250 of inputs used in production. A large variation can be seen in the published values of 251 GHG emissions and burdens ( warming potential (GWP) of CO 2 equivalents, because the reference gas, CO 2 itself 255 changes in concentration with time. To do so would inflate the value of a shorter-256 lasting gas such as methane. On the other hand the cost of damage today will be less 257 than damage in future under the assumption that inflation consistently reduces the 258 value of money, thus inflating the economic damage of longer-lasting gases in todays' 259 terms. We use the estimates of the economic damage from GHG emission given by 260 Atkinson et al. (2004) . A small allowance is made for methane oxidation by soil. 261
Strictly this should be given as an ecosystem service (section 2.2.5) but is already 262 included in calculations within our source data (Williams et al, 2006) . 263 264
Land-use 265 266
It is essential to take account of the area of land used in production because, although 267 a less intensive system may pollute less on a per hectare basis, it requires more land 268 area to produce the same amount of food. If extra land is needed to produce food with 269 less pollution, where will that land come from and what will it cost? We have valued 270 land using Costanza et al's (1997) ecosystem services approach. Cropland, grassland 271 and temperate forest are given values for their environmental benefit, but we have 272 discounted the value of their food and fibre production given by these authors because 273 this residual benefit, for say cropland, is attributed to production in our analysis; that 274 is to say it is included as an output in the numerator of the TFP index (Eq. 1). The 275 cost is added to the denominator and is calculated from the value of the area of land 276 lost from the substitute system: in all cases we assume forest is converted to 277 agricultural land. To an extent, the value of land is included in an orthodox economic 278 analysis because the land will cost a farm business rent or interest. These direct costs 279 are included in our analysis. If more land is needed, we charge at the rate attributed to 280 the ecosystem services provided by temperate forest (Costanza et al., 1997) . We then 281 proceed to analyse the system in two ways. Firstly, in estimating the cost of the 282 13 consumption of land on a per hectare basis, we give the extra cost relative to the land-283 use at the optimum economic return, i.e. the marginal increase in land use. Thus land-284 use at optimum has a value of zero attributed to it on a per hectare basis. This is 285 because we assume in our analysis that food-production at current rates is necessary 286 and we refer our results to this norm. Secondly, however, in expressing the results on 287 a per tonne of production basis, we give the actual ecosystem service cost attributed 288
by Costanza et al (1997) to the land consumed in order to produce each tonne of that 289 commodity. 290 291
Response to inputs 292 293
The well-known law of diminishing returns applies to crop production (e.g. Addiscott 294 et al., 1991). Most usually this is seen with respect to nutrients and to nitrogen 295 fertiliser in particular. We modelled crop yield using a response curve derived from 296 the Quadmod system (ten Berge et al., 2000) because this links nitrogen uptake with 297 response and application rate. The choice of a different response curve might make a 298 small difference to the amounts of yield. We have re-parameterised Quadmod for the 299 arable crops used in this analysis with data from our own experiments in the UK, as 300 detailed in the supplementary information. Where our study has concentrated on 301 farming close to the economic optimum, the calculations include benefits from 302 economies of scale and we have used data pertaining to efficient production (e. In Fig 1a we plot the wheat grain yield (tonnes ha -1 ) and TFP index against total costs 319 (variable, fixed and environmental). Our TFP index has a broad maximum at a cost of 320 about £20-25 ha -1 less than that needed to obtain the physiological maximum. Note 321 that this saving is largely in environmental benefits and not a reduction in farmer's 322 costs. The reason for the lack of a sharp peak is to be found in the environmental costs 323 (Fig 1b) . Although these are small in relation to income and production costs, the 324 increased need for extra land to maintain production with reduced inputs increases the 325 sum of the environmental costs at the lower levels compared with optimum 326 production. At its maximum, the TFP index is above one, if not greatly so and the 327 system is broadly sustainable. However, support under the EU single farm payment 328 scheme makes up a considerable proportion of the outputs (25% for wheat, for 329 example), but applies to all levels of production. Recent increases in grain and oil 330 prices would have a major impact on the results and the need for subsidies. Fig 1b  331 15 suggests that, in operating at the optimum level for production, conventional wheat 332 production is also operating close to the optimal use of environmental resources. 333 334
Oil seed rape (OSR) 335
The TFP index for OSR is barely 1 at its maximum (Fig 1c) , although it should be 336 noted that the TFP index excluding environmental costs was greater than unity near 337 the maximum yield of the crop (data not shown. The maximum in the TFP occurs 338 short of the physiological optimum as expected and represents a saving of about £40 339 ha -1 . The penalty from bringing extra land into production is irregular at low levels of 340 OSR production (Fig 1d) . If OSR is to be grown, the application of a small amount of 341 fertiliser N increases saleable product greatly and so decreases the consumption of 342 land relative to a crop receiving no N disproportionately (Fig 1c) . The optimum 343 production level is predicted to be close to the environmental optimum, but in this 344 case somewhat less than current practice. There is, however, a demand for rape oil 345 for biodiesel so this demand may have an increasingly positive effect on the TFP 346 index. 347 348
Maincrop potatoes 349 350
The form of the potato response to inputs (Fig 1e) is similar to that of wheat. 351
Production costs are high relative to environmental costs, however, and it is 352 understandable why farmers do not judge it economic to reduce inputs even taking the 353 cost of the environmental burdens into account. Note, however, the much larger total 354 cost per hectare compared with the other two arable crops (Fig 1f) . Apart from any 355 other factors, root crops always require more energy per hectare than combinable 356 crops, because deep ploughing is essential in cultivation and the soil must be worked 357 again at harvest. With potatoes, the saving in moving back to the TFP maximum is 358 several hundred pounds: mostly in environmental costs. A large environmental 359 burden with this crop, however, is the GHG cost of storing tubers after harvest (Fig  360   1f) . 361 362
Meat finishing systems 363 364
Animal production systems are much more complicated to analyse than the three 365 arable systems in Figure 1 . For example, a beef production system involves the initial 366 production of calves, from either a dairy system or beef suckler system, each with its 367 own burdens from inputs such as, feeding and housing. These are affected by 368 fecundity, longevity, grassland management and feed conversion efficiency. The beef 369 cattle are fed on a combination of feeds, generally including grass, silage and a range 370 of concentrates (e.g. wheat, barley, wheatfeed oilseed meal and legumes). These all 371 have their own inputs and burdens of production. There are also the associated 372 outputs, such as manure, wool and leather. However, we did not include the value of 373 the latter two products. Housing of the animals, either intensively or extensively, 374 involves further inputs and burdens. There are many options for reducing inputs in 375 such a system, e.g. using different combinations of feed stuffs in the concentrate mix, 376 feeding over a longer period, so that the daily live weight gain is reduced and it takes 377 longer for the animal to reach maturity, or reducing the ratio of concentrates to 378 grass/silage. There are also opportunities for reducing inputs to the production of 379 feedstuffs, principally nitrogen fertiliser, but which will then require a larger area of 380 land to grow the concentrates or grass. We have not looked at all the above inputs 381 all levels of production and increase with the intensity of production. Unlike arable 408 systems, intensification in the stocking density does not lead to a reduction in the 409 burden of land-use. This is because the animals eat more food than can be produced 410 on the land used to raise them. These 'external hectares' increase more than the 411 amount that the land area housing the animals decreases. We assume a constant yield 412 for silage and for concentrates and have not attempted to map a variation in intensity 413 of production in this part of the system onto the main beef production calculations. 414 ruminant systems, but the intensity of production of finishing lambs is somewhat less. 420
As with beef production we concentrated on a particular system known as 'grass 421 grazed finished store lambs', which are grazed for 3 months on lowland grass. See 422 supplementary material for a more detailed description. 423
424
The TFP index declines with input in the production of lambs (Figure 2c ) even though 425 profitability continues to rise. However, the scale is small (right-hand y axis) and it is 426 difficult to elicit a real response to changes in input in this already low-input system. 427
The environmental costs of lamb production are the least of all the systems we 428 studied. 429 was thought to be <35%. The numbers we report are dependent on the assumptions 502 made, usually to reflect average yields or a standard practice; inevitably there could 503 be considerable variation about these averages and standards. These uncertainties will 504 apply to the absolute value of the TFP index but we can have more confidence in the 505 trends. Thus, while it may be difficult to pronounce this or that practice as sustainable 506 22 in absolute terms, we believe that where we show significant changes in TFP with 507 inputs we have captured real trends. 508 509
Environmental costs 510 511
At current values, it may seem surprising that the environmental costs are not a 512 greater proportion of the whole. In part, this may be due to costs we have been unable 513 to evaluate, such as the subjective cost of landscape or of the cost to ecosystems off-514 farm. It is also true that there is considerable uncertainty attached to the estimates of 515 the environmental costs. However, if these values or the costs attributable to farming 516 become available, our spreadsheets could be modified to take account of them. In 517 several systems, particularly arable farming, it is the increase in land area needed to 518 match national production levels that offsets any gain from reducing the intensity of 519 production. Our estimates of the ecosystem services provided by land are 520 conservative and derive from a 10-year old report that was itself conservative. Land 521 would have to be valued at a much lower level before other environmental costs 522 become significant enough to push the maximum in the TFP to lower levels of 523 intensity of production. At much lower levels of production, economies of scale 524 might decline and still more environmentally valuable land such as forest or natural 525 ecosystems might be needed. 526 Intercropping (either in space or time) might also raise the value of the sum of the 545 outputs, the diversity of species in the land as well as reducing pollution (Whitmore 546 and Schröder, 2007) . It is also possible for improvements in the state of the system to 547 have more than one benefit. For example, increased levels of organic matter not only 548 increase fertility (Whitmore and Schröder, 1996) frequency of profitable years in order to test the sustainability of farming in the face 583 of fluctuating conditions. In general, our analysis here has not attempted to take 584 account of major changes or fluctuations in the cost or value of the components of our 585 TFP index. Most obviously, if food is scarce its cost will increase. Less obviously, 586 however, if land becomes damaged, production will fall, leading to a scarcity in food 587 or if prices vary widely, it becomes difficult to plan season-long activities such as 588 farming. 589 590
Conclusions 591 592
The intensity of the agricultural systems studied here that are optimal for production 593 appears to be close to that which is optimal for the environment too, provided no loss 594 of ecosystem service or productivity occurs in the land. Indeed wheat and OSR 595 appear to be close to the minimum environmental burden level in current UK systems. 596
In contrast to arable farming, ruminant finishing systems are characterised by 597 increasing environmental exploitation with intensity of production (mainly nitrogen 598 fertiliser use here) when expressed on a per hectare basis but there is a minimum in 599 the environmental costs of all systems when expressed on per tonne basis. These 600 minima are close to the actual intensities of production adopted by farmers in the UK. 
